Horizontal gene transfer is a major driving force behind the genomic diversity seen in prokaryotes. The rac prophage in E.coli K12 encodes a putative transcription factor RacR, whose deletion is lethal. We have shown that the essentiality of racR in E.coli K12 is attributed to its role in transcriptionally repressing a toxin gene called ydaS, which is coded adjacent and divergently to racR.
We then deleted successively shorter racR-inclusive segments of the prophage. If a deletion attempt removed racR but not the toxin that RacR might repress, we would not recover the mutant. The smallest deletion we obtained by this approach included racR, its neighboring, divergent gene ydaS and the common intergenic region (henceforth referred to as IGR) between them [ Figure 1B ]. Thus the absence of ydaS and the common IGR between racR and ydaS is a suppressor of the lethality of ΔracR.
Despite several attempts, we were unable to delete racR in ΔydaS without disturbing the IGR between them. However, we obtained ΔracR with its IGR intact in a ΔydaS-T background. ydaT is encoded in tandem and downstream of ydaS and might be part of the same operon.
Over expression of ydaS and ydaS-T reduces growth
We tested the toxicity of ydaS, ydaT and ydaS-T by cloning these genes under the araBAD promoter in pBAD18. Expression of these cloned genes was induced in both wildtype and Δrac with 0.1% L-arabinose. We found that the expression of ydaS and ydaS-T causes rapid growth inhibition after induction in both wildtype and Δrac [Supplementary Figure S1 ]. We collected samples at 5 hours and 14 hours after induction and spotted these on agar plates. Cells expressing ydaS and ydaS-T from pBAD18 did not grow on these plates [ Figure 2A ]. The expression of ydaT alone did not have any inhibitory or lethal effect on the wild type or the Δrac prophage strain.
Further, we quantified the live and dead cell populations after the induction of ydaS, ydaT and ydaS-T by FACS using Propidium Iodide (PI) as the marker for dead cells. Results from six independent trials show that ydaS and ydaS-T expression, irrespective of the strain background, leads to loss of cell viability [ Figure 2B ]. We noticed that ydaS-T expressing cells were lengthier than the ydaS or ydaT expressing cells [Supplementary Figure S2 ].
Together, these results show that the expression of ydaS and ydaS-T is lethal, and ydaS and ydaT do not form a TA pair as predicted earlier [ 15 ] . YdaS is critical to cell killing, and
YdaT may enhance the lethal effect of YdaS while not being toxic on its own.
Co occurrence of racR and ydaS implies interaction between them
Functionally related genes tend to be conserved together across genomes [ 16 ] . We examined the conservation of genes of the rac prophage across 154 E.coli genomes. Bidirectional best hit search for orthologs confirmed the mosaic nature of the rac prophage.
In fact, more than 50% of the strains have lost half of the prophage. The genes that are well conserved across the genomes are those, such as recE and trkG, which have documented functions in the host. Some classical phage genes like intR, pinR, stfR, tfaR, ydaF and ydaV are conserved in more than 85% of the strains analyzed.
Figure2 : A) Log and stationary phase cultures of pBAD18-ydaS, pBAD18-ydaT, pBAD18-ydaS-T, and Empty vector in wild type and in Δrac background, grown in the presence or absence of 0.2% L-Arabinose, were spotted on the LB plate without arabinose. B) Live Dead Assay of pBAD18-ydaS, pBAD18-ydaT, pBAD18-ydaS-T and Empty vector in wild type and in Δrac backgrounds. The cells were collected after 5 hours of induction and treated with Propidium Iodide (PI) to mark the dead cells. Bar graph represents the percentage of dead, intermediate and live population of cells in uninduced (striped) and induced (filled)cultures. * corresponds to p-value < 0.01; Wilcoxon rank sum test between induced and uninduced constructs. Error bar here represents the standard error computed from six independent trials (Three biological and two technical replicates).
We observe that the known toxin genes in the prophage are lost in most of the strains and where present, are always accompanied by its cognate antitoxin genes. RalR-RalA is a known type I T-A system in the same prophage [ 17 ] . We observe that the RalR toxin is conserved only in 36.3% of the strains we analyzed; the corresponding non-coding antitoxin gene was found in all these strains. KilR, previously reported as a FtsZ inhibitor, was found in 48% of the strains in this analysis; its antitoxin, if any, is unknown.
YdaS is present only in 33.7% of the strains analyzed and we observe that it always cooccurs with RacR [ Figure 1A ]. A few strains encoded ydaT gene in the absence of racR;
however the IGR was lost in these strains, and certain point mutations were found in the ydaT gene. We also observe that YdaT expression on its own, in the absence of YdaS, is not lethal. Thus, genome context analysis suggests a functional interaction between RacR and YdaS(-T).
Expression of ydaS is kept silent under normal physiological conditions
In order to examine the expression of RacR and YdaS in vivo, we tagged these two genes with C-terminal 3X-FLAG (DYKDDDDK). Western blotting using an anti-FLAG antibody showed that RacR was expressed in all the phases of growth. However, YdaS expression could not be detected in our experimental conditions [ Fig 3A] . An absolute protein quantification study reported by Li et.al 2014., also shows low copy number for YdaS [ 18 ] .
Analysis of various publicly available and in-house RNA-seq data showed that the expression of ydaS is comparable to that of bglG, a well-characterized transcriptionally silent cryptic gene [ 19 ] . racR was among the most highly expressed genes in the rac prophage, but only to a level comparable to that of the lac repressor gene [Supplementary Figure S3 ].These show that YdaS is not expressed in E.coli, and, in light of the genetic experiments reported above, lead to the hypothesis that RacR is a repressor of this toxin.
Binding of RacR in the IGR
RacR comprises a Helix Turn Helix (HTH) motif, and hence we investigated if it binds to DNA. The 123 bp IGR between racR and ydaS contains three slightly variant repeats of "GCCTAA" and its inverse "TTAGGC" [ Figure 3B ]. This is similar to the regulatory region of lambda phage, which is bound by CI and Cro, even though the exact sequences bound by the proteins are different.
Figure 3: A)Western blot showing the expression of RacR; YdaS expression could not be detected. The top panel showing GroEL as loading control and the bottom panel showing the RacR expression during log and stationary phase.20µg of total protein was used. B)Intergenic Region (IGR) between ydaS and racR showing the repeat elements with slightly varying sequence in three different regions (bold sequence).Note that the ydaS and racR are coded divergently and in opposite strands. C)Thermal Shift Assay showing 5°C shift in the TD of RacR in the presence of IGR. D) Non-radioactive Electrophoretic Mobility Shift Assay showing the binding of RacR with IGR with distinct complexes marked as C1,C2 and C3.15 nM of 123bp IGR was titrated against increasing concentration of RacR from 27 nM to 270 nM (Lane 2-14). Lane 1 shows only 15nM of IGR without RacR.
To test for the binding of RacR to the IGR, we first performed a thermal shift assay with purified RacR and various nucleic acid sequences. The thermal shift assay measures the thermal denaturation temperature of a test protein. A change in this temperature in the presence of a ligand might argue in favour of an interaction between the protein and the ligand. We found that the T D of RacR increased by ~5°C in the presence of racR-IGR-ydaS or in that of a 189 bp sequence upstream of ydaS and including the IGR [ Figure 3C ].
The extended 189 bp region, including a portion of the racR gene, was chosen for this experiment because this included an additional half-site of the above-mentioned palindrome.
We then performed a chromatin IP of RacR::3xFLAG to test for the binding of RacR to the IGR in vivo. By performing qPCR against the DNA thus recovered, we found that the IGR was 2.5 fold enriched in comparison to a random region [Supplementary Figure S4 -A].
Finally, we performed Electrophoretic Mobility Shift Assay (EMSA) to investigate the binding of purified RacR to the IGR. RacR formed three distinct complexes in the presence of the IGR [ Figure 3D ]. EMSA with a 49-bp DNA upstream of ydaS, containing a single copy of the repeat, also showed binding to RacR [Supplementary Figure S4 -B]. Consistent with the view that the three palindromic repeats might be the sites to which RacR binds, we found only a single protein DNA complex with the 49-bp segment of the IGR. Thus, we show binding of RacR to the intergenic region between racR and ydaS both in vitro and in vivo.
Transcriptional repression of ydaS is mediated by RacR binding to the IGR
Finally, to test whether the binding of RacR represses ydaS, we cloned the IGR upstream of gfp-mut2 in pUA66. We monitored the promoter activity of pUA66::IGR-gfp-mut2 in ΔydaS-T and in ΔracR-ΔydaS-T for 25 hours. We observed that the ydaS promoter is active only in ΔracR-ΔydaS-T; no fluorescence from gfp-mut2 could be detected in ΔydaS- Figure 4A ]. The maximal ydaS promoter activity was observed in the log phase (OD 600 ~ 0.2-0.3). We tested the expression of gfp-mut2 from these strains grown to mid-exponential phase using FACS. The distribution of fluorescence from pUA66::IGR-gfp-mut2 in ΔydaS-T was similar to that of the promoterless control where most cells were GFP negative. In contrast, in ΔracR-ΔydaS-T, nearly 80% of the cells were GFP positive [ Figure 4b ]. Thus singlecopy availability of RacR from the chromosome appears to be sufficient to suppress the activity of the ydaS promoter from a multicopy (N = 3-4) plasmid.Thus, RacR represses transcription of ydaS.
Discussion
We have shown that the expression of ydaS and ydaS-T is lethal, and we attribute the essentiality of racR to its role in repressing the expression of this toxin. Earlier studies have shown the presence of two toxins -KilR and RalR -in the rac prophage [ 14 ] [ 17 ]. In the present work, we suggest that that YdaS-T is yet another toxin encoded by the rac prophage. We do not know how this toxin effects cell killing, and whether other genes in the operon to which ydaS and ydaT belong contribute to cell killing. RacR is a repressor of ydaS-T, and this module is an example of a toxin-repressor system.
In general, essential transcription factors are rare in E.coli. The essentiality of RacR is purely by virtue of its role in keeping a toxin transcriptionally silent. RacR is unlikely to have too many additional targets, because its expression level -based on RNA-seq -is very similar to that of the highly specific Lac repressor. We propose that RacR could be functionally similar to the CI repressor of lambda prophage. The rac prophage has lost many of its structural genes when compared to the Supplementary Fig S5] . However, the organization of regulatory elements in the rac prophage [ Figure 3B ] is similar to the cI-Cro switch of lambda prophage [ 22 ] .
There are three repeat elements in the IGR, which might be the operator of this prophage.
Our observation on the formation of three distinct DNA-Protein complexes of the 123 bp IGR with increasing concentrations of RacR, suggests that the IGR might act as a complex regulatory switch that resembles the regulatory region of cI-cro of lambdoid phages [ 23 ] . 
Materials and Methods

Media, Strains and Plasmid Construction
E.coli K12 MG1655 from CGSC was used and grown at 37°C in Luria Broth (LB) or LB Agar (HiMedia). The antibiotic resistant strains were grown in antibiotics wherever required; ampicillin (100 µg/mL), kanamycin (50 µg/mL) or chloramphenicol (30 µg/mL) were used. All the knock out strains were constructed by using the one step inactivation method as described by Datsenko et al. using pKD13 as the template plasmid for the kanamycin resistance cassette amplification [ 24 ] . Tagging of racR with 3xFLAG at the C terminal end was done using the pSUB11 plasmid [ 25 ] . Ectopic expression of racR, ydaS, ydaT and ydaST were achieved by cloning them between EcoRI and SalI site of pBAD18; this brings the genes under the arabinose inducible araBAD promoter. The plasmid for the promoter activity was constructed by cloning the IGR in the low copy vector pUA66 between XhoI and BamHI sites. The list of strains and plasmids used in the current study is given in Supplementary Table1 and the primers used for gene deletion, validation and cloning are listed in Supplementary Table 2 .
Growth Curve and Spotting Assay
Growth curve was monitored in a 96 well plate with the final volume of 200µl using Tecan Exponentially growing cells were used as live-cell control and cells subjected to 80°C for 10 minutes were used as dead-cell control. Propidium Iodide (PI) solution (5µl of 1 mg/ml) was added to all the vials 10 minutes before acquisition of data in BD FACS Calibur.
Around 20,000 cells were acquired for each sample using 488 nm excitation laser and the emission was recorded from FL2 channel that uses 585/42 BP filter, to collect the PI intensity. Intermediate population in this study is described as cells that fall between the region of live unstained control and dead control.
Exponential culture of ΔydaS-T and ΔracR-ΔydaS-T containing pUA66::IGR-gfp-mut2 were pelleted, washed and resuspended in saline. GFP intensity was monitored using FL1 channel that uses 530/30 BP filter. Strain containing empty pUA66::gfp-mut2 was used to set the background fluorescence and GFP intensity above this background was marked as positive. Data was analyzed using Flowing software (www.flowingsoftware.com/).
Bi-Directional Search for orthologous genes
Genomes of 154 completely sequenced E.coli strains were downloaded from NCBI refseq ftp site. A bi-directional search for orthologous genes of the rac prophage, excluding pseudogenes, was performed using phmmer (Version 3.1). The E-value threshold used was 10 -20 . An ortholog presence-absence matrix was hierarchically clustered based on Euclidean distance with centroid linkage. Clustering was done using Cluster3 (bonsai.hgc.jp/~mdehoon/software/cluster/) and the heat map was generated using matrix2png (http://www.chibi.ubc.ca/matrix2png/) . 
RNA -Seq Data Analysis
Raw reads from 15 different RNA-seq studies (with total of 61 fastq files) were obtained either in-house or from the NCBI GEO, or the EBI Array Express databases [Supplementary Table 3 ]. The SRA files from GEO were converted to fastq using fastq dump. Reads from the fastq file were aligned to NC_000913.3 genome using bwa. The aligned files were sorted using sam tools. Further, these sam files were used to get read counts per nucleotide, from which read counts per gene was generated. RPKM (Reads per Kilobase of transcript per Million mapped reads) was calculated by normalizing the raw read counts to the length of the gene and further by the total number of mapped reads for each fastq file. The distribution of RPKM values of the rac prophage genes were plotted as a boxplot, along with those of the bgl operon genes and lacI as reference. Because differential expression was not a goal of this study, more state-of-the-art normalization methods such as those used by EdgeR or DEseq were not required.
Western Blotting
Total protein of E.coli-K12 cells was prepared and quantified using BCA Assay and 20µg of total protein was loaded in 15% SDS polyacrylamide gel. The gel was subjected to electrophoresis at 120V for 1 hour and proteins were transferred to a nitrocellulose membrane. Monoclonal anti-FLAG antibody (Sigma) was used to bind the specific protein to which the FLAG is tagged, and the signal was detected using (HRP) Horse Radish Peroxidase conjugated anti-mouse IgG. HRP luminescence was further detected by West Dura reagent (Thermo scientific). Digital images of the blots were obtained using an LAS-3000 Fuji Imager.
Chromatin Immuno Precipitation
Immuno precipitation was done as described by Kahramanoglou (30 seconds ON and 30 seconds OFF) at high setting. Immuno precipitated samples were quantified with specific primers for the 123 bp intergenic region (IGR) and a random primer (wza), which is not the part of the rac prophage, using quantitative PCR. The fold enrichment was calculated using 2 -(ΔΔCt) as described by Mukhopadhyay et al. [ 27 ] .
RacR purification
RacR was cloned between the NdeI and XhoI restriction sites in a pET28a expression vector with the C-Terminal His tag. After confirmation of its sequence and orientation, this plasmid was transformed in the expression strain C41(DE3). A single colony of the C41 strain containing the pET28a::racR plasmid was inoculated in 5 mL LB containing 100 µg/mL ampicillin. This overnight culture was diluted to 1:100 ratio in 10 mL of fresh LB for raising the secondary inoculum. When the secondary culture reached 0.4 OD, it was seeded in fresh 1L LB in a 3L baffled flask at 37°C. When the culture reached 0.6 OD, Denaturation temperature (T D ) was reported as the temperature at which the maximum dF/dT was recorded, where dF/dT is the rate of change in Sypro® Orange fluorescence with respect to the temperature. The data was processed and plotted using a custom R script to calculate dF/dT.
Electrophoretic Mobility Shift Assay
The entire 123 bp IGR was PCR amplified and gel purified. Polyacrylamide gel of 6% was prepared from 40% acrylamide:bisacrylamide (80:1) stock and allowed to polymerize for 2 hours. The gel was pre-run for 30 minutes at 70 V and the wells were washed before sample loading. 20 nM of DNA was mixed with increasing concentration of RacR in 10x binding buffer (100 mM Tris Buffer-pH 8, 10 mM EDTA,1M Nacl,1mM DTT, 50% Glycerol, 0.1 mg/mL BSA) with 20 µL final volume in 0.2mL PCR tubes. These tubes were incubated at room temperature for 1 hour. After incubation, samples were mixed with 2.2 µL of 10x loading dye (10 mM Tris-pH 8, 1 mM EDTA, 50% glycerol, 0.001% bromophenol blue, 0.001% xylene cyanol.) and run at 70 V in room temperature for 90 minutes. The gel was stained using SyBr® Green (Thermo Scientific) for 15 minutes. The stained gel was washed in distilled water twice and imaged using a Lab India Geldoc system.
Promoter Activity
Promoter activity of the ydaS IGR was monitored by transforming the pUA66::IGR-gfp- background strain was inoculated in the ratio of 1:100 in a 96 well flat transparent black plate (corning) with total volume of 200µL . The optical density (OD 600 nm) and the GFP intensity (excitation at 485 nm and emission at 510 nm) were measured using the Tecan multimode reader at every 16 minutes interval with continuous shaking in between at 37°C. The background optical density is subtracted by using the optical density obtained from the blank well. The background fluorescence intensity was subtracted by using the intensity obtained from the strain that has promoterless empty vector. Promoter Activity was calculated as rate of change in the GFP intensity normalized by the average OD for the given time point. PA = (smoothed) dGFP/dt/(smoothed)(OD1+OD2/2) [ 28 ] . Data processing and analysis were done using custom R script.
